This paper describes a simple and rapid methodology for determining the content of adulterants in diesel by the integration of fluorescence spectra. The procedure consists of constructing analytical curves using the concentrations of each adulterant in diesel and the relative change in the fluorescence area of each blend with respect to the fluorescence area of the diesel. The results indicated that the proposed method can be used to determine adulterants such as non-transesterified residual cooking oil, kerosene, and turpentine in diesel. The detection limits were 3, 4 and 5% for non-transesterified residual cooking oil, kerosene and turpentine in diesel, respectively. The method was also successfully used to determine the non-transesterified residual cooking oil content in B5 biodiesel-diesel blend (5% biodiesel) in the range of 0-70%, with a limit of detection of 4%.
Introduction
The intentional addition of adulterants, such as kerosene, turpentine, or non-transesterified residual cooking oil (RCO) to diesel has a negative effect on fuel properties and, consequently, on the engine performance, such as engine start-up control, engine heating, acceleration, and fuel consumption; it also increases the emission of particulate material, hydrocarbons, and exhaust gases. 1 Patra and Mishra 2 developed a method for detecting diesel fuel contamination by excitation-emission matrix spectral subtraction fluorescence, which has good accuracy and sensitivity. However, it requires more expensive equipment, as an excitation-emission matrix fluorescence spectrum is collected in the excitation wavelength range of 250-500 nm within an interval of 5 nm and in the emission wavelength range of 300-600 nm within an interval of 5 nm. Corgozinho et al. 1 also developed a method with good accuracy and sensitivity for the determination of non-transesterified residual vegetable oil in diesel oil using a spectrofluorimetric technique. However, the method of Corgozinho et al. requires skill in chemometric analysis. 1 Oliveira et al. 3 reported a method for the determination of the adulteration of diesel-biodiesel blends of vegetable oil by Fourier transform (FT) near-infrared (NIR) spectrometry and FT Raman spectroscopy. Vasconcelos et al. 4 developed a method based on NIR overtone regions to determine the biodiesel content and adulteration of diesel-biodiesel blends with vegetable oils. Pontes et al. 5 reported screening analysis to detect adulteration in diesel-biodiesel blends using NIR spectrometry and multivariate classification. Gaydou et al. 6 developed a multiblock NIR/mid-infrared (MIR) partial least squares (PLS) predictive model to detect the adulteration of diesel-biodiesel blends by vegetable oil. Roy 7 reported a fiber-optic sensor for determining the adulteration of petrol and diesel by kerosene. Raman and FTIR spectroscopy are techniques with good accuracy and sensitivity. However, Raman and FTIR spectrometers are more expensive than the equipment used in this work, and they also require specialized personnel to handle them.
In previous work, we developed a method and a sensor for monitoring the quality during processes for obtaining fuels using spectrofluorimetry and principal component analysis (PCA). 8 The study also reported a method for the identification of the adulteration of biofuels by adding residual cooking oil to diesel through 3D spectrofluorimetry and PCA; 9 a spectrofluorimeter was developed by our team, whose technology was transferred to the company Quimis and is now being marketed as the Model Q798FIL. The Q798FIL is a single-beam UV-Vis spectrofluorimeter, which is compact with system of acquisition and processing of embarked data, lightweight, easy to handle, and robust in construction. The major advantage is the low cost of the equipment when compared with other spectroscopic apparatus, as the cost of Q798FIL is about three times less than an FTIR spectrometer and nearly four times less than a fluorescence spectrometer with a pulsed xenon lamp and 3D excitation-emission scans. Another advantage is the analysis time, as the signal integration time is between 1 ms and 65 s.
Despite the various sophisticated methods developed, it is essential to develop simpler methods that are less costly, but maintain the capability of detecting and quantifying adulterants in diesel, in order to help control the quality of the fuel. Spectrofluorimetry is one of the most sensitive techniques for determining several fluorescence compounds, especially aromatics that exhibit particularly intense fluorescence. 10 Fluorescence in diesel is attributed to the presence of polycyclic aromatic hydrocarbons (PAHs) of various ring sizes. 11 The fluorescence of petroleum products has been studied by several authors. 1, 2, 9, [11] [12] [13] [14] [15] [16] [17] The present paper describes a simple, fast, accurate, and low-cost methodology for determining adulterants such as kerosene, turpentine, and non-transesterified RCO contents in diesel by the integration of fluorescence spectra; this is based on the assumption that the fluorescence area caused by the presence of PAHs in a sample of neat diesel or diesel blended with non-transesterified RCO is quantitatively related to these PAHs of a similar standard. The present work is different from the method developed previously, 9 owing to its simplicity, as it does not require covariant analysis and has the advantage of being able to quantify the adulterants.
Experimental
A sample of S50 diesel was supplied by Landulpho Alves Refinery (RLAM) located in São Francisco do Conde, Bahia State, Brazil. The sample of RCO was collected from restaurants, and was obtained following the frying of foods. Samples of kerosene and turpentine were purchased from a local market. Daily samples of used oils were collected throughout one month in a restaurant. The samples of RCO were mixed, homogenized, and filtered to extract any solid residues. After filtration, the RCO was immediately blended with diesel.
A known volume of diesel and each adulterant (kerosene, turpentine, or non-transesterified RCO) was pipetted in order to prepare the desired adulterated synthetic mixture at concentrations of 0-100% (v/v). The standards were analyzed in triplicate without any fluorescent additive being used; the region of fluorescence for the aromatic compounds present in diesel was analyzed. 9 The equipment used in this procedure was a Quimis Q798FIL LED fluorescence spectrometer with a quartz cuvette of 1 cm path length as well as one violet light-emitting diode (LED) centered at 400 nm as the excitation source. The emission range was 350-700 nm at intervals of 0.38 nm. The average values of triplicate spectral data were calculated, which were then integrated using Origin Pro8 software.
To assess the applicability of the fluorescence method in quantifying the adulterant content, an analytical curve was constructed using the concentrations of each adulterant in diesel and the relative change in fluorescence area of each blend with respect to the fluorescence area of the diesel (δ parameter). This relative change (δ), as a percentage, is calculated as δ = [(A 0 -A i ) / A 0 ] × 100, where A 0 and A i are the integrated fluorescence areas of the diesel and adulterated diesel, respectively.
Similarly, the proposed method was also used to determine the non-transesterified RCO content in a B5 biodiesel-diesel blend (5% biodiesel) in the range of 0-70%.
To determine the validity and variability of the analytical curve, predictions were made for the concentrations of samples that were not used in the construction of the individual analytical curves (external validation). Figure 1 shows the spectra of the diesel and non-transesterified RCO after excitation with a violet LED and emission from 350 to 700 nm. The emission was concentrated in a range of 400-600 nm. Diesel oil presents two peaks of greater intensity at 452 and 480 nm, owing to the presence of PAHs, whereas the spectrum of nontransesterified RCO presents two peaks of greater intensity at 407 and 488 nm. Pure RCO produces an emission, but it is very minor when compared to the signal from pure diesel. The difference in signal intensity between RCO and diesel in the region of 400-600 nm is one of the reasons why the present method works. The sample of non-transesterified RCO has a variable composition, which includes animal fats, vegetable oils, food, refuse, and other organic material. However, the fluorescence region of non-transesterified RCO is concentrated in the range of 400-600 nm, which is the same fluorescence region for diesel when both are excited with a violet LED. Figure 2 shows the spectra obtained with mixtures of non-transesterified RCO in diesel at concentrations of Vol. 26, No. 7, 2015 0-100% using the LED spectrofluorimeter. The emission was concentrated in a range between 400 and 600 nm, showing two bands; the first was initially centered at 452 nm and the second at 480 nm. The addition of nontransesterified RCO to diesel promotes a significant decrease in the intensity of the peaks of diesel. Figure 3 shows the reduction in the spectral areas (Table 1) with increasing non-transesterified RCO concentration, as the adulterants effectively dilute the diesel.
Results and Discussion
Using the procedure proposed in this paper for the spectra obtained with an LED spectrofluorimeter, we obtained a straight line, which increased in the plot of δ vs. non-transesterified RCO concentration with good linear correlation, R² = 0.99623 using all data ( Figure 4) and R² = 0.99868 ( Figure 5 ) when some samples were omitted for external validation (Table 2) .
Similarly, the same procedure was performed for the other adulterants mixed with diesel. When comparing the turpentine, kerosene, and diesel spectra, diesel is more fluorescent. This is expected, considering that both kerosene and turpentine are formed predominantly from paraffinic hydrocarbons and diesel has a higher concentration of aromatic hydrocarbons. We obtained a straight line, rising in the plot of δ vs. the concentration of kerosene in diesel and the concentration of turpentine in diesel, with R 2 = 0.99834 ( Figure 6 ) and R 2 = 0.9976 (Figure 7 ), respectively. To determine the validity and variability of the method, predictions were made for the concentrations of samples that were not used in the construction of each analytical curve through Student's t-test, which was applied to the actual concentrations of adulterant in the diesel and those concentrations predicted by the linear equations of each curve. For RCO in diesel, a calculated t-value of -0.336738 (Table 2 ) was found.
The t-value calculated for nine degrees of freedom was -2.262. Thus, it follows that the Student's t-test showed no significant difference at 95% confidence between the actual and the predicted concentrations of non-transesterified RCO in diesel.
Similarly, the Student's t-test showed no significant difference at 95% confidence between the actual and the predicted concentrations of kerosene in diesel or turpentine in diesel (Tables 3 and 4 , respectively). Table 5 shows the validation parameters found from the analytical curves (Figures 5-7) . The detection limits were 3, 4 and 5% for non-transesterified RCO, kerosene, and turpentine in diesel, respectively.
The proposed method was also successfully used to determine the content of non-transesterified RCO in a B5 biodiesel-diesel blend (5% biodiesel) with R² = 0.99635 in the range of 0-70%. The detection limit was 4% for RCO in B5. The results are shown in Figure 8 and Table 6 . Vol. 26, No. 7, 2015 
Conclusions
The results confirm that the proposed method is simple, fast, and efficient, and that it can be used for the determination of adulterants such as non-transesterified RCO, kerosene, and turpentine in diesel, in the range of 0-100%. The detection limits were 3, 4, and 5% for nontransesterified RCO, kerosene, and turpentine in diesel, respectively. The method was also successfully used to determine the non-transesterified RCO content in a B5 biodiesel-diesel blend (5% biodiesel) in the range of 0-70%, with a limit of detection of 4%. High LOQ values limit the application of the method, as many adulterations occur at concentrations below 10%.
